Silver kob (Argyrosomus inodorus) is a sciaenid fish that has been targeted for more than 150 years by commercial and recreational fisheries in the coastal waters of Namibia and South Africa, where four main stocks have been hypothesised. In the present study, recently developed molecular markers were utilized to evaluate levels of genetic diversity and population structuring among such stocks. Moderate levels of genetic diversity and signatures of bottlenecking were found in the South African stocks (South Western Cape, 2 Southern Cape and South Eastern Cape). Significant population genetic differentiation was detected between Namibia and South Africa, but not among the three putative South African stocks, indicating that the main oceanographic barrier for silver kob populations is to be found in the cool-temperate Benguela region, corroborating recent genetic studies. The lack of genetic structuring in South African waters indicates strong gene flow among the 3 South African putative stocks, which are characterized by distinct age and growth patterns.
INTRODUCTION
Population genetic studies have become an integral component of modern fisheries management, which depends on the understanding of target stocks and their ecosystem (Begg and Waldman, 1999) , as well as inherent socio-economic factors (Worm et al., 2009 ). This is particularly important for overfished species, for which molecular approaches have been increasingly effective in revealing trends of genetic diversity and cryptic stock composition (Hauser and Carvalho, 2008; Pinsky and Palumbi, 2014) . Griffiths & Heemstra 1995 ) is a sciaenid fish endemic to coastal waters of Namibia and South Africa that has been targeted for more than 150 years by commercial and recreational fisheries (Griffiths, 2000; Holtzhausen et al., 2001; Pappe, 1866) . With spawner biomass-per-recruit estimates of 2.9-12.5% of pre-exploitation levels, South African silver kob stocks have been declared collapsed since the mid-1990s (Griffiths, 1997a) . Nonetheless the species remains an important target of commercial line-, gill-and beach-seine fisheries (Griffiths, 2000; Holtzhausen et al., 2001; Lamberth et al., 1997) , recreational fishers (Kirchner and Beyer, 1999) and bycatch in other fisheries (Attwood et al., 2011; Hutchings and Lamberth, 2002) . Prior to the mid-1990's, the distinction and distribution of silver kob was unclear due to partial geographic overlap with other sciaenid species however, based on morphological, behavioural and unique life-history parameters, its taxonomic distinction has since been resolved (Griffiths and Heemstra, 1995) .
Silver kob (Argyrosomus inodorus
Subsequent studies have shown that silver kob attains sexual maturity between one and three years of age, with males maturing earlier than females (Griffiths, 1996a; Kirchner and Voges, 1999) . Spawning behaviour and movement patterns of sexually mature silver kob are determined mainly by temperature-driven oceanographic conditions, with peak spawning taking place in spring-summer following a North-South migration along the Namibian coast ) and an inshore-offshore shift in South African waters (Griffiths, 1997b) . Eggs and larvae are transported by currents to recruitment and nursery areas (<50m depth), juveniles are found mainly over soft substrata of sand or mud and move to deeper waters (5-120m) as they grow (Griffiths, 1997b; ).
Investigations on otolith dimensions, fish length, growth rate and tagging led to the conclusion that four main stocks occur throughout the species' distribution range, including one in Namibia Kirchner and Voges, 1999) and three in South Africa (Griffiths, 1997b) . Nonetheless, morphological and growth rate differences may result from phenotypic plasticity related to distinct environmental conditions and diet regimes, and therefore may not be reflective of genetic differences arising from reproductive isolation, as pointed out by Griffiths (1996a) . Monitoring trends in catches is complicated by poor compliance to existing regulations including unreported and illegal fishing (e.g. Lamberth et al., 1997; Sauer et al., 1997) and poor coverage in recreational and trawl catch monitoring. Furthermore, the establishment of clear and effective regulations is hampered by the co-occurrence with other morphologically-similar species of the Family Sciaenidae, such as A. coronus and A. japonicus (Griffiths, 1996b; Potts et al., 2014; Potts et al., 2010) , which may be confounded in the field with A. inodorus (Mirimin et al., 2014) .
Additionally, due to marketability and desirable traits (such as fast growth), silver kob has been identified as a potential candidate species in the emerging South African aquaculture sector (Bolton et al., 2013) , which has led to studies of domestication and performance in captivity (e.g. Ferreira et al., 2008; Yearsley et al., 2011) . While increasing aquaculture production may alleviate demand pressure on wild stocks, the poor understanding of the genetic structure and connectivity of the postulated stocks inhibits the sustainable development of emerging fish farming practices.
Current management is inconsistent among target and bycatch fisheries and could benefit from the implementation of additional protective regulations tailored to safeguard spawning and recruitment habitats, as well as reproductively isolated populations (Griffiths, 1997a; . To date, a recent study has used genetic data to compare silver kob from two localities in South Africa and Namibia, respectively, revealing genetic distinctiveness between these two areas (Henriques et al. 2014 ). However, a large portion of the species' distribution range has yet to be investigated. Thus, the aim of the present study was to employ recently developed molecular markers to corroborate previous studies and to evaluate levels of genetic diversity and population genetic structuring among the currently recognized silver kob stocks in Namibia and South Africa, as postulated in Griffiths (1997b) .
MATERIALS AND METHODS
A total of 399 wild silver kob were collected between 2002 and 2012 (mostly in 2010) along the Namibian and South African coasts, encompassing all four currently recognized stocks: Namibia (NAM, n = 14), South Western Cape (SWC, n = 182), Southern Cape (SC, n = 82) and South Eastern Cape (SEC, n = 121) (Figure 1) (Table 1) . Genomic DNA was extracted from fin tissue by means of a proteinase K digestion and chloroform extraction method (modified from . Quantity and quality of extracted DNA were assessed using a NanoDrop TM ND 1000 spectrophotometer (Thermo Fisher Scientific). Multilocus genotypic data were obtained by amplification of 16 microsatellite markers as per published protocols: Ajap02, Ajap06, Ajap12, Ajap14 (Mirimin et al., 2013) , UBA03, UBA05, UBA06, UBA40, UBA42, UBA44, UBA50, UBA851, UBA853, UBA854 (Archangi et al., 2009 ).
Genotyping was conducted on an ABI 3730xl DNA Analyzer and size of amplified DNA fragments was resolved by comparison to GeneScan TM 600 LIZ® size standard (Applied Biosystems) with the aid of GeneMapper® 4 software (Life Technologies).
The data set was screened for presence of allele irregularities, potential genotyping errors, large allele drop-out and null alleles using the approaches implemented in MICROCHECKER (Exact test using a Markov chain of 1000000 and 100000 de-memorization steps) were calculated using ARLEQUIN 3.5.1.2 (Excoffier and Lischer, 2010) . Linkage disequilibrium between pairs of loci and estimation of F IS were calculated as implemented in FSTAT 2.9.3.2 (Goudet, 2001) . Correction for multiple comparisons was applied following a sequential Bonferroni procedure (Holm, 1979) .
The power to detect population structuring using the microsatellite markers and sample sizes from the present study (South African samples only) was evaluated using POWSIM 4.1 (Ryman and Palm, 2006) . Population structure analyses were carried out with ARLEQUIN 3.5.1.2 by means of a locus-by-locus AMOVA, using the sum of squared size differences (R ST ) method. The same program was used to calculate pairwise F ST (number of different alleles), R ST (sum of squared size differences) and relative significance levels (1023 permutations). Population structure was also investigated using a Bayesian approach with and without taking into account information on sampling location using STRUCTURE 2.3.1 (Pritchard et al., 2000) . Markov Chain Monte Carlo (MCMC) simulations were carried out for three independent MCMC runs (100000 burn-in and 1000000 iterations) for values of K ranging from 1 to 4, using the admixture model. Isolation-bydistance (IBD) was investigated by means of a Mantel test between linear genetic distance and geographic distance (999 permutations) using GENALEX 6.5 (Peakall and Smouse, 2006; Peakall and Smouse, 2012) .
In order to detect potential signatures of recent reduction of effective population size (genetic bottlenecking), observed levels of gene diversity were compared to values expected in equilibrium population using the heterozygosity excess approach (1000 simulations) as implemented in the program BOTTLENECK 1.2.02 (Cornuet and Luikart, 1996) . For this test, the Infinite Allele Model (IAM), the Stepwise Mutation Model (SMM), and the Two-Phase Model (TPM) of mutation were implemented with 95% single-step mutations and 5% multiple-step mutations, with a variance among multiple steps set to 12 (as suggested in Piry et al., 1999) . Estimates of contemporary effective population size (Ne) and 95% confidence intervals (jackknifing over loci) were calculated using a single-step estimator LDNe (Waples and Do, 2010) , as implemented in NeESTIMATOR 2 (Do et al., 2014) . For this test N e estimates were calculated with and without rare alleles (critical frequency threshold value of 0.02) and assuming random mating.
To test for potential genetic patterns between sexes, a number of genetic estimators (allelic richness, observed heterozygosity, gene diversity, F IS , F ST , relatedness and corrected relatedness) were calculated and compared between selected groups of males and females from each of the three South African regions using FSTAT (1000 permutations). The sample sizes used for this test were as follows: SWC (66 males, 78 females), SC (23 males, 36 females) and SEC (27 males, 43 females). For this test, no Namibian samples were included due to limited sample size.
RESULTS
All 16 microsatellite markers showed negligible levels of genotyping errors and no evidence of linkage disequilibrium was detected between any pair of loci. Two markers (Ajap12 and UBA853) showed potential presence of null alleles, hence subsequent data analyses were performed with the remaining 14 markers. Levels of genetic diversity were moderate in both the South African and Namibian samples, with comparable allelic richness estimates, but with the former region showing lower heterozygosity than the latter region ( Table 2) .
No evidence of deviation from expected Hardy-Weinberg proportions or inbreeding were detected, with the exception of the combined South African sample, which showed a marginally significant inbreeding coefficient (F IS = 0.024, P < 0.05) ( Table 2) . Signatures of population bottlenecking were detected in the South African samples, but not in Namibia for which a limited sample size was available ( Table 2) . Effective population size (N e )
estimates with or without excluding rare alleles (frequency less than 0.02) are shown in Table 2 . These results indicated a number of effective breeders of 1346.6 (755.1 -4813.8) along the South African coast, with the SWC showing the lowest estimates (less than 1000) compared to other sampled stocks. Despite the inclusion in this analysis, the Namibian sample should be deemed too small to provide reliable estimates ( Table 2) .
Power tests (POWSIM) showed that the markers and sample sizes used in the present study were effective at detecting significant population structuring at the level of F ST = 0.0066, indicating the ability of such markers to investigate subtle genetic structuring. AMOVA analyses revealed that most genetic variation resided within stocks (93.23%), with the remaining variation mainly due to differences between the Namibian and South African regions (6.9%). Genetic structuring analyses using the Bayesian approach (STRUCTURE) could identify significant structuring only when taking into account sampling location as prior, but not without such prior. Highest likelihood estimates were obtained for K = 2, with the two clusters being represented by Namibian and South African individuals, respectively.
Pairwise F ST estimates corroborated previous results indicating significant differentiation between all South African samples and the Namibian sample, but not among stocks within South African waters (Table 3) . Testing for isolation-by-distance revealed a significant correlation (P = 0.001) between genetic distance and geographic distance and a low positive slope for both the overall sample (R 2 = 0.0083) as well as for the South African sample (i.e.
South African samples only) (R 2 = 0.0027). No significant differences between sexes were found for any of the estimators calculated, with the exception of observed heterozygosity (higher in females than males, P < 0.05) and within group gene diversity (higher in females than males, P < 0.01). Although the latter finding suggests that female may disperse more than males, this hypothesis should be further investigated with additional genetic and behavioural data. 
DISCUSSION
Levels of genetic diversity tended to be lower in South African stocks than Namibian kob, for which no bottleneck signatures were detected. Despite the limited sample availability of the Namibian stock, estimates of heterozygosity are similar to those reported in a recent genetic study that used smaller number of markers but higher number of samples from Namibia (Henriques et al., 2014b) . In contrast, levels of heterozygosity found in the present study were lower than those reported for the same species in Henriques et al. (2014b) for the same area. In South Africa, where sampling was more comprehensive, levels of genetic diversity were comparable to other sciaenid species affected by strong fishing pressure (Archangi et al., 2009; Gold and Turner, 2002; Haffray et al., 2012) . Comparisons between observed levels of genetic diversity and those expected in populations at equilibrium (bottleneck tests) indicated that South African stocks have suffered a demographic decline in the past decades. This is in agreement with the critically low spawner biomass-per-recruit estimates (Booth and Hecht, 1998; Griffiths, 1997a) and declining catches reported in the 1990's (Booth and Hecht, 1998; Griffiths, 1997a) . These findings may be reflective of lesser fishing pressure in Namibian waters compared to South Africa. Despite a recent study showing some recovery of South African silver kob, possibly due to forced fishing effort reductions since 2000 (Winker et al., 2013) , the species remains a by-catch of demersal trawl fisheries (Attwood et al., 2011) . Bottleneck signatures were stronger in the SWC stock, which could be a reflection of differential fishing pressure in this region by certain fisheries such as gillnet (Hutchings and Lamberth, 2003) . In Namibia, the impact of commercial fisheries is in contrast to recreational fisheries because different demographic fractions of the local stock are targeted by each fishery type, respectively (Stage, 2006) . However, among other limitations of such tests, the power of detecting population bottlenecks can be hampered by low number of markers and sample sizes (8-9 loci and 31-38 individuals) (Peery et al., 2012) . Although number of markers and sample sizes can be deemed appropriate in the present study (with the exception of the Namibian sample), in order to fully evaluate the impact of fishing pressure on levels of genetic diversity, the inclusion of additional marker types (such as slow evolving mitochondrial DNA genes) and temporal sampling would help disentangling the effect of contemporary and historical demographic processes (e.g. founder effects and historical bottlenecks following colonization) (e.g. Grant and Bowen, 1998) . Furthermore, a range of biotic and abiotic factors can play significant roles in shaping levels of genetic variation in marine fish populations (Hardie et al., 2006) , thus genetic data should be corroborated by other demographic and environmental information. Nonetheless, these findings and future monitoring of genetic diversity will be increasingly important in silver kob management because prolonged fishing pressure will not only affect abundance, but also the evolutionary and adaptive potential of targeted stocks (Jørgensen et al., 2007; Pinsky and Palumbi, 2014) . In fact, a significant decrease in mean length of silver kob has been reported during the last century, with potential trophodynamic implications for the entire ecosystem (Yemane et al., 2004) .
Analyses of effective population size (N e ) carried out in the present study revealed an effective number of breeders in the order of thousands over a large geographical range and covering most of the species' distribution range. This is not uncommon in marine fish populations (Hauser and Carvalho, 2008) , as it has also been recently found in another overfished South African sciaenid species . A recent genetic study comparing nuclear and mitochondrial data from two locations in Namibia and South Africa, respectively, suggested that the shallow but significant population structure found between these two regions is the result of limited number of migrants and historically large population sizes (Henriques et al., 2014b) . Nonetheless, the accuracy of N e estimates depends from many factors deriving from the underlying complexity of the studied populations and should be treated with caution (Fraser et al., 2007; Hare et al., 2011; Neel et al., 2013; Palstra and Ruzzante, 2011) . However, such estimates can be informative tools for fisheries management, especially in monitoring trends of genetic variance in species of ecological and commercial importance (Hauser and Carvalho, 2008; Pinsky and Palumbi, 2014) . This study provides the first genetic evaluation of the three main South African silver kob stocks, which can be used as baseline data for future studies aimed at monitoring demographic trends and effectiveness of management actions in the studied areas.
Population genetic structure analyses revealed significant segregation between Namibian and South African populations, with levels of nuclear genetic distinctiveness similar to those reported in a recent genetic study (Henriques et al., 2014b) . These findings are in agreement with previous studies that not only showed differences in growth patterns (Kirchner and Voges, 1999) , but also confirmed that migratory movements between these geographically distant areas are very limited . At the beginning of each summer, adult Namibian silver kob migrates outward to common spawning grounds in Sandwich and Meob Bays, followed by a northward migration back to feeding areas in
Skeleton Coast Park when temperatures drop below 15°C (Kirchner & Holtzhousen 2001) .
Concentrations of silver kob in South African waters also appear to be driven by temperature, with inshore-offshore shifts occurring between summer and winter in order to occupy the preferred temperature range of 13-16°C (Griffiths, 1997b) . This indicates that the main oceanographic boundary between populations of silver kob is to be found in the cool temperate conditions of the Benguela current along the Atlantic coast of South Africa.
The Benguela's perennial upwelling cold water system located off Namibia has also been identified as the main barrier to gene flow in another warm-temperate sciaenid species
Atractoscion aequidens (Henriques et al., 2014a) and between South African and Angolan stocks of the coastal Lichia amia (Henriques et al., 2012) . Nevertheless, contrasting mitochondrial population genetic structuring patterns have been found in the two Cape hake species co-occurring in Namibian and South African waters, with Merluccius capensis showing no genetic differentiation, while adult (3-4 years old) M. paradoxus showing significant segregation between these two main regions (von der Heyden et al., 2007) . Such inconsistent patterns of population structuring among marine fish species co-occurring in the Benguela system indicate that differences in life-history and behaviour play a significant role in dispersal potential and gene flow of pelagic and demersal fish species.
The effect of temporal and life-history (spawning) parameters on inter-and intra-annual variation in population structuring were only marginally covered in this study. This is mostly due to the opportunistic nature of samples used in the present study, which yet resulted from a substantial sampling collection effort, considering the large geographical area covered and the marine habitat of the species under study. In fact, it was not possible to carry out direct comparisons between stocks exclusively during spring-summer when spawning takes place. If mixing of distinct genetic stocks occurred during the non-spawning time, this should have been identified by the Bayesian (STRUCTURE) approach, though this could have been confounded in the case of a weak but significant isolation-by-distance pattern of population structuring. Additionally, although most samples used in the present study were collected in 2010, only some samples (including the Namibian sample) were collected as far back as 2002, thus testing for temporal stability of population structuring would require additional sampling effort in the future. The lack of genetic differentiation within South African waters is in contrast with findings in previous studies that identified at least three distinct stocks based on age and growth data (Griffiths, 1996a) . Although morphological differences indicate some level of segregation among South African stocks, genetic findings indicate that gene flow is strong enough to counteract the potential segregating effects of genetic drift. Tagging data from South African waters indicate that silver kob show strong site fidelity, but are capable of occasional long distance movements (Griffiths, 1997b) . In Namibia, suggested that only large fish (>68cm) take part in the spawning migration, despite the presence of mature individuals at smaller size classes. It is not known if this is the case in South African waters, but the cooland warm-temperate provinces of South Africa are subject to seasonal fluctuations (Demarcq et al., 2003) , which may lead to prolonged spawning periods and possibly overlapping spawning areas, hence enhancing gene flow among adjacent stocks. Several oceanographic barriers to gene flow have been identified around the African coastline (Teske et al., 2011 and references therein) , however in the case of silver kob it appears that the three putative South African stocks are strongly connected, with the main barrier to gene flow located between the South African west coast and Namibia. From a fishery management perspective, it is important to consider variation in both phenotypic and genetic components, since they are affected by selective and stochastic processes that determine the future of diverging populations (Winker, 2009) . As also argued by Griffiths (1997b) , the different life-history traits of silver kob in the three putative South African stocks indicate that such aggregations are likely to respond differently to fishing pressure and therefore should be managed accordingly. Thus, in order to guarantee a successful recovery of silver kob stocks, genetic findings should be used in conjunction with life-history data to tailor future management measures aimed at mitigating the effects of different fisheries throughout the species' distribution range.
